Cook N, Fraser SA, Katerelos M, Katsis F, Gleich K, Mount PF, Steinberg GR, Levidiotis V, Kemp BE, Power DA. Low salt concentrations activate AMP-activated protein kinase in mouse macula densa cells. Am J Physiol Renal Physiol 296: F801-F809, 2009. First published January 28, 2009 doi:10.1152/ajprenal.90372.2008.-The energysensing kinase AMP-activated protein kinase (AMPK) is associated with the sodium-potassium-chloride cotransporter NKCC2 in the kidney and phosphorylates it on a regulatory site in vitro. To identify a potential role for AMPK in salt sensing at the macula densa, we have used the murine macula densa cell line MMDD1. In this cell line, AMPK was rapidly activated by isosmolar low-salt conditions. In contrast to the known salt-sensing pathway in the macula densa, AMPK activation occurred in the presence of either low sodium or low chloride and was unaffected by inhibition of NKCC2 with bumetanide. Assays using recombinant AMPK demonstrated activation of an upstream kinase by isosmolar low salt. The specific calcium/calmodulin-dependent kinase kinase inhibitor STO-609 failed to suppress AMPK activation, suggesting that it was not part of the signal pathway. AMPK activation was associated with increased phosphorylation of the specific substrate acetyl-CoA carboxylase (ACC) at Ser 79 , as well as increased NKCC2 phosphorylation at Ser 126 . AMPK activation due to low salt concentrations was inhibited by an adenovirus construct encoding a kinase dead mutant of AMPK, leading to reduced ACC Ser 79 and NKCC2 Ser 126 phosphorylation. This work demonstrates that AMPK activation in macula densa-like cells occurs via isosmolar changes in sodium or chloride concentration, leading to phosphorylation of ACC and NKCC2. Phosphorylation of these substrates in vivo is predicted to increase intracellular chloride and so reduce the effect of salt restriction on tubuloglomerular feedback and renin secretion. AMPK; NKCC2; phosphorylation; sodium reabsorption DISORDERED SODIUM HANDLING is implicated in the pathophysiology of hypertension, cardiac failure, and renal failure. Sodium reabsorption is highly energy consuming (17) and is tightly regulated. We have proposed that this regulation involves phosphorylation of the renal-specific sodium-potassium-chloride cotransporter NKCC2 by the energy-sensing kinase AMP-activated protein kinase (AMPK) (6, 7). AMPK is a member of the calcium/calmodulin-dependent protein kinase family (1, 9, 16). It is a heterotrimeric complex comprising a catalytic ␣-subunit and two regulatory subunits, ␤ and ␥ (1, 16). AMPK can be activated by a rise in the AMP/ATP ratio, reflecting a state of energy deficiency within the cell, and responds by inhibiting energy-consuming pathways and activating those that produce energy (1, 16). Activation of AMPK requires phosphorylation of the Thr 172 on the ␣-subunit by one of three, and possibly more, upstream kinases (1, 12). LKB1 (10, 36, 42), a tumor suppressor kinase, was the first described, to be followed by calcium/calmodulin-dependent kinase kinase (CaMKK) (11, 13, 41) and 43) .
DISORDERED SODIUM HANDLING is implicated in the pathophysiology of hypertension, cardiac failure, and renal failure. Sodium reabsorption is highly energy consuming (17) and is tightly regulated. We have proposed that this regulation involves phosphorylation of the renal-specific sodium-potassium-chloride cotransporter NKCC2 by the energy-sensing kinase AMP-activated protein kinase (AMPK) (6, 7) . AMPK is a member of the calcium/calmodulin-dependent protein kinase family (1, 9, 16) . It is a heterotrimeric complex comprising a catalytic ␣-subunit and two regulatory subunits, ␤ and ␥ (1, 16) . AMPK can be activated by a rise in the AMP/ATP ratio, reflecting a state of energy deficiency within the cell, and responds by inhibiting energy-consuming pathways and activating those that produce energy (1, 16) . Activation of AMPK requires phosphorylation of the Thr 172 on the ␣-subunit by one of three, and possibly more, upstream kinases (1, 12) . LKB1 (10, 36, 42) , a tumor suppressor kinase, was the first described, to be followed by calcium/calmodulin-dependent kinase kinase (CaMKK) (11, 13, 41) and TAK-1 (23, 43) .
Although AMPK is abundant in the kidney (38) , its role has not been well defined. In the course of studies to identify kidney-specific AMPK substrates, we found that the kidneyspecific sodium cotransporter NKCC2, the target of loop diuretics such as furosemide and bumetanide, was phosphorylated on Ser 126 in its NH 2 terminus (6, 7). Phosphorylation of NKCC2 on its NH 2 terminus has been associated with increased cotransporter activity (8, 21) , and kinases such as SPAK, OSR-1, and WNK-3 have been associated with phosphorylation of NKCC2 (24, 31) . NKCC2 is required for tubuloglomerular feedback (33) and appears to be involved in chloride sensing by cells of the macula densa. Low tubular chloride concentration leads to glomerular afferent arteriolar relaxation via effects on adenosine and ATP, so-called tubuloglomerular feedback, as well as increased renin secretion from the juxtaglomerular apparatus, probably mediated through prostaglandins synthesized by cyclooxgenase 2 (COX-2; reviewed in Ref. 19 ). The pivotal role of NKCC2 in tubular chloride sensing is underscored by type 1 Bartter's syndrome, a severe salt-wasting disease in humans and mice sometimes due to inactivating mutations in NKCC2 (37) . Affected individuals also have profoundly increased levels of circulating prostaglandins.
We have previously shown that activated AMPK is localized, in the rat kidney, to the macula densa and the thick ascending limb of Henle's loop where NKCC2 is present (6) . We have also reported that AMPK phosphorylates the NH 2 terminus of NKCC2 at Ser 126 in the murine sequence (7) . The functional significance of this site was established by mutating the serine to alanine, resulting in marked reduction of cotransporter activity when exogenously expressed in Xenopus laevis oocytes under isotonic conditions (7), although AMPK did not directly regulate NKCC2 activity in X. laevis, suggesting a requirement for another kinase.
In this study, we have attempted to determine whether AMPK is activated by low salt concentrations, independently of changes in osmolality, and to confirm NKCC2 Ser 126 as a phosphorylation site for AMPK. We have used the macula densa-like cell line MMDD1. This line was originally derived by Yang et al. (44) and reported to express COX-2, neuronal nitric oxide synthase, NKCC2, and ROMK, but not Tamm-Horsfall protein. The line was also reported to respond to low-salt, normal-osmolality media by release of PGE 2 , suggesting that it was a useful tool for studying the response of the macula densa to low tubular salt concentrations (44) .
MATERIALS AND METHODS

Materials.
Cell culture medium was obtained from Invitrogen. Antimycin A, STO-609, and bumetanide were of the highest purity available and obtained from Sigma. Salt solutions were made from compounds produced by BDH Chemicals, Biolab Scientific, and Sigma. Enhanced chemiluminescence reagents were obtained from Pierce. [ 32 P]ATP was obtained from Amersham Biosciences. Antibodies. Rabbit polyclonal antibodies against the AMPK ␣ 1-subunit (amino acids 373-390) and its active form, detected by anti-phosphopeptide Thr 172 (amino acids 165-175) Ab were raised as previously described (38) . The T4 antibody is a well-characterized murine monoclonal antibody directed against the COOH terminus of human colonic NKCC1, which immunoprecipitates both NKCC1 and -2 (22 (44) . Dishes (10 cm) of cells were cultivated in DMEM containing 10% FCS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin and L-glutamine. Before the experiments, the cells were serum starved in DMEM containing 1% FCS overnight. Unless stated otherwise, cells were treated with low-salt hyposmolar, low-salt isosmolar, low-sodium, and low-chloride solutions for 15 min (Table 1 ). All media concentrations were checked by an Autoanalyzer in the Department of Pathology, Austin Health. Antimycin treatment was applied for 10 min, whereas bumetanide-and STO-609-treated cells were pretreated for 30 -60 min and these agents were re-added to the solutions. After 2ϫ cold PBS washes, cells were lysed and subsequently sonicated on ice in Triton X-100 1% in PBS containing 250 M PMSF, 2 mM EDTA, 5 mM DTT, and 50 mM NaF. Lysates were then centrifuged at 13,000 rpm for 15 min at 4°C, and the resulting pellet was discarded. Protein concentration was determined by Bradford assay using a commercial protein assay solution (Bio-Rad).
Immunoprecipitation and immunoblotting. Immunoprecipitations of AMPK was performed by incubating 2 mg of protein for Western blots and 1 mg for serine-alanine-methionine-serine assays with 2 g of rabbit anti-␣ 1 AMPK antibody. Protein A-Sepharose was used to immunoprecipitate immune complexes. Immunoprecipitations for NKCC2 were performed using the T4 antibody and equal protein concentrations for all conditions. Anti-mouse IgG-agarose was used to immunoprecipitate immune complexes. Straight lysate was used for pACC1 Ser 79 studies. Samples were separated using 10% SDS-PAGE for AMPK and 7.5% SDS-PAGE for NKCC and ACC1. Proteins were transferred to polyvinylidene difluoride membranes (Immobolin-P, Millipore) and immunoblotted with specific antibodies. Immunoreactive proteins were detected using enhanced chemiluminescence with protein A horseradish peroxidase and the Supersignal chemiluminescent system (Pierce). If reprobing with another antibody was required, bound antibody was stripped using Re-blot stripping solution (Chemicon) for 15 min.
AMPK activity assay. AMPK activity was measured by quantitation of phosphorylation of the AMPK consensus sequence of the ADR1 peptide (LKKLTLRPSFSAQ-amide) as previously described (38) . AMPK was immunoprecipitated with the anti-AMPK ␣ 1-subunit antibody and incubated at 30°C with 100 M ADR-1 peptide in reaction buffer (50 mM HEPES, pH 7.5, 10 mM MgCl 2, 5% glycerol, 1 mM DTT, 0.05% Triton X-100) with 250 M [␥-32 P]ATP (500 cpm/pmol) for 8 min. After the reaction, 25 l of reaction mixture were spotted onto phosphocellulose P81 paper and extensively washed with phosphoric acid. The radioactivity on the filter paper was measured by scintillation counting.
AMPK kinase activity assay. AMPK kinase (AMPKK) activity was measured on straight MMDD1 cell lysates using a two-step reaction as per the method used by Chen et al. (4) . First, the AMPKK buffer contained 20 mmol/l Tris ⅐ HCl, pH 7.5, 0.1% Tween 20, 10 mmol/l dithiothreitol, 8 mmol/l MgCl 2 with 0.4 mmol/l ATP, and 0.12 mmol/l AMP, and dephosphorylated bacterially expressed AMPK holoenzyme (5 mol/l) was incubated with homogenate at 30°C for 30 min. Second, the AMPK holoenzyme activity was determined using the AMPK activity assay as above.
AMPK null and kinase dead adenovirus infection of MMDD1 cells. Recombinant green fluorescent protein (GFP)-tagged null and adenovirus constructs containing the AMPK ␣ 1-subunit D157A kinase dead mutant were produced as previously described (39) . Optimal infection rates were established on the basis of fluorescence microscopy and fluorescence-activated cell sorting analysis of GFP expression, so that ϳ60% of cells expressed GFP. Infections were carried out 24 h after seeding of MMDD1 cells into dishes, and the cells were incubated for 48 h. Cells were then cultured overnight in media containing 1% serum, as previously described, before treatment.
Statistics. Statistics were performed using Instat Version 3.05 (GraphPad Software, San Diego, CA). Data are represented as means Ϯ SE. P values Ͻ0.05 were considered significant.
RESULTS
AMPK is activated in MMDD1 cells by extracellular low salt concentration.
To determine whether low salt concentrations could activate AMPK independently of a change in osmolality, confluent dishes of serum-starved MMDD1 cells were treated with isosmolar normal-or low-salt solutions for 1, 5, 10, 15, 30, and 60 min as described by Cheng et al. (5) . In these studies, osmolalities were corrected by addition of mannitol. Final osmolalities and electrolyte concentrations in the solutions were checked biochemically (Table 1) . AMPK activity was determined by AMPK activity assay and Western blotting with anti-pThr 172 AMPK antibody. AMPK activity assays demonstrated a two-to threefold increase in activity in low salt-treated cells at all time points except 1 min (Fig. 1A) . This was confirmed by Western blotting for pThr 172 , which showed a detectable increase at 1 min (Fig. 1B) .
Annexin V-FITC and propidium iodide staining as markers of apoptosis and necrosis in treated MMDD1 cells. Incubation of cells in media of varying osmolality and salt concentration might have an effect on AMPK simply due to cellular stress. To determine whether MMDD1 cells treated with normal salt, low salt (low and normal osmolality), and antimycin A might be under significant cellular stress, they were stained with annexin V-FITC and propidium iodide (PI) to detect necrotic and apoptotic cells. Annexin V is a marker of preapoptosis, and PI is a vital dye excluded from the nucleus by viable but not necrotic cells (40) . Hyposmolar low-salt conditions were associated with increased apoptosis and necrosis (ϳ70% of the cells were both annexin V and PI positive) compared with ϳ5-10% for the other three conditions (Fig. 2) . For the other three conditions, 80 -90% of cells analyzed were annexin V and PI negative, whereas on hyposmolar low-salt conditions Ͻ10% of cells were negative for both markers (Fig. 2) . This demonstrates that hyposmolar low-salt but not isosmolar lowsalt conditions or antimycin A (10 Ϫ6 M) are toxic to MMDD1 cells. AMPK is activated in mouse MMDD1 cells by extracellular low sodium and low chloride. Changes in tubuloglomerular feedback and prostaglandin secretion have been reported to be due to reductions in chloride, rather than sodium, concentration (5, 35, 44) . To determine whether activation of AMPK in low salt media was due to a change in sodium or chloride concentration, MMDD1 cells were incubated for 15 min in normalsalt, low-salt (with or without correcting osmolality), lowsodium, or low-chloride solutions with choline chloride or sodium gluconate used to replace either sodium or chloride, as previously described by Cheng et al. (5) . Antimycin A (10 Ϫ6 M) was used as a positive control. Immunoprecipitated protein was separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes, and sequentially probed with anti-pThr 172 AMPK phosphoantibody and anti-␣ 1 AMPK antibody. AMPK was strongly activated in all conditions except normal salt (Fig. 3) . This result demonstrates that AMPK is activated by low extracellular sodium as well as low extracellular chloride.
AMPK activation by isosmolar low salt in MMDD1 cells is not mediated by NKCC2. Use of loop diuretics abrogates tubuloglomerular feedback, reflecting the importance of the sodium cotransporter NKCC2 in tubular salt sensing at the macula densa (34) . To determine whether activation of AMPK by low salt concentrations is dependent on the function of NKCC2, confluent dishes of serum-starved MMDD1 cells were incubated for 15 min in normal or isosmolar low-salt solutions as described previously. Thirty minutes before and during these incubations, they were treated, in addition, with bumetanide (10 Ϫ5 M) or vehicle (DMSO). There was no change in AMPK activity in either normal-or low-salt conditions in bumetanide-compared with vehicle-treated cells detected by AMPK activity assay (Fig. 4A) or Western blotting (Fig. 4B) . This result indicates that flux through NKCC2 is not required for AMPK activation by extracellular isosmolar lowsalt conditions in MMDD1 cells.
Low salt concentrations activate an upstream AMPKK in MMDD1, which is not CaMKK. Since AMPK activation by low salt concentrations is not dependent on NKCC2, we were interested to determine whether it was associated with increased activity of an upstream kinase. Confluent serum-starved dishes of MMDD1 cells were incubated with normal-or isosmolar low-salt conditions for 15 min and then assayed for AMPKK activity using a bacterially expressed AMPK holoenzyme (Fig. 5A) . Activation of endogenous AMPK was noted, but this was greatly increased with addition of exogenous AMPK, indicating activation of an upstream AMPKK in cells treated with isosmolar low-salt conditions. Fig. 3 . AMPK is activated in MMDD1 cells by low-extracellular sodium and -chloride conditions. MMDD1 cells were incubated for 15 min in normalsalt (NS), low-salt with low-osmolality (LSLO), low-salt with normal-osmolality (LSNO), low-sodium (L Na), or low-chloride (L Cl) solutions as per Table 1 . AMPK activity in low-and normal-salt conditions is not altered by sodium-potassium-chloride cotransporter (NKCC) blockade by the loop diuretic bumetanide. MMDD1 cells were treated with bumetanide (10 Ϫ5 M) before and during incubation in normal-or low-salt conditions. NKCC blockade with bumetanide does not alter AMPK activity in low-or normal-salt conditions by AMPK activity assay (A) or representative Western blotting (B) and densitometry (C). NSV, normal saltϩvehicle; NSB, normal saltϩbumetanide; LSV, low saltϩvehicle; LSB, low saltϩbumetanide. These data were obtained in 3 experiments. *P Ͻ 0.05 compared with cells incubated in normal-salt media.
Since STO-609 is an inhibitor of one of the three known upstream kinases for AMPK (the others are LKB-1 and TAK-1), confluent serum-starved dishes of MMDD1 cells were pretreated with the STO-609 or vehicle (DMSO) during incubation with normal-or isosmolar low-salt conditions. AMPK activation by low salt was unaffected by STO-609, suggesting that CaMKK is not the upstream kinase (Fig. 5B) . The efficacy of the STO-609 was checked by its ability to inhibit AMPK activation caused by a calcium ionophore (data not shown).
AMPK activation by extracellular low salt and antimycin A is associated with increased NKCC2 Ser
126 phosphorylation. Ser 126 in NKCC2 has previously been identified as a phosphorylation site for AMPK (7) . To determine whether AMPK activation by low-salt conditions was associated with increased phosphorylation at this site, confluent dishes of serum-starved MMDD1 cells were incubated in normal-salt, isosmolar low-salt, and hyposmolar low-salt conditions for 15 min and antimycin A (10 Ϫ6 M) for 10 min (6 dishes/condition), and lysates for each condition were pooled. This was necessary to obtain a sufficient quantity of NKCC2. Each of these conditions except for normal salt was associated with strong AMPK activation, as demonstrated by Western blotting for AMPK Thr 172 (Fig. 6A) . Increased NKCC2 Ser 126 phosphorylation was shown for the same conditions in the same lysates in parallel with the AMPK activation (Fig. 6B) . This experiment demonstrates that there is increased phosphorylation of NKCC2 on Ser 126 phosphorylation in association with AMPK activation by low salt as well as by the standard activating agent antimycin A.
To determine whether activation of AMPK in low-salt, isosmolar conditions was associated with phosphorylation of known AMPK substrates, lysates from cells treated with normal-salt or isosmolar low-salt media were probed with an antibody against Ser 79 in the ACC sequence. There was increased phosphorylation at this site (Fig. 6C ). This is a specific AMPK phosphorylation site and, therefore, increased Ser 79 phosphorylation in low salt-treated cells is consistent with functional AMPK activation.
Suppression of AMPK activation by dominant negative AMPK leads to reduced phosphorylation of NKCC Ser
126 in low-but not normal-salt conditions. To determine whether AMPK was responsible for the phosphorylation of NKCC2 Ser 126 , dominant negative ␣ 1 AMPK cDNA was obtained in an adenovirus vector. Conditions for MMDD1 infection with adenovirus were optimized using a vector containing a construct encoding GFP (Fig. 7A) . Approximately 60% or more of the cells expressed GFP under these conditions. Twenty-four hours postinfection with an adenovirus vector expressing either GFP or kinase-dead AMPK, cells were serum starved and treated with normal-or isosmolar low-salt solutions as done previously. AMPK activation was reduced in cells infected with the kinase dead mutant but not by the vector containing GFP (Fig. 7B) . ACC Ser 79 phosphorylation was similarly increased by low salt in GFP construct-infected cells but suppressed in kinase dead construct-infected cells (Fig. 7C) . With respect to NKCC2 Ser 126 phosphorylation, there was reduced phosphorylation of NKCC2 in cells incubated in low-salt conditions when infected with the kinase dead adenovirus. This result suggests that NKCC2 Ser 126 phosphorylation occurs as a result of AMPK activation in low-salt conditions. Surprisingly, however, NKCC2 Ser 126 phosphorylation was increased in cells incubated in normal-salt conditions following infection with kinase dead adenovirus. This result suggests that, in situations where AMPK is not acutely activated, inhibition of AMPK permits phosphorylation of Ser 126 by other putative kinases.
DISCUSSION
The macula densa is a pivotal area in the kidney, acting as a tubular salt sensor for control of both tubuloglomerular feedback and renin secretion. The key element in detection of salt concentrations at the macula densa appears to be intracellular levels of chloride, which gain entry via the salt cotransporter NKCC2 on the apical surface of the cells (2, 18) . It is important, therefore, to identify the signaling pathways initiated by Lysates from confluent dishes of MMDD1 cells treated with normal-or low-salt solutions were prepared as previously described, and AMPKK activity was measured in a 2-step reaction outlined above with and without addition of AMPK. There was a significant increase in measured AMPKK activity in low compared with normal salt-treated cells with (*P ϭ 0.0279) and without (#P ϭ 0.0179) the addition of exogenous AMPK. Data were obtained and pooled from 3 separate experiments (A). To determine whether the upstream kinase CaMKK was involved, confluent dishes of MMDD1 cells were serum starved and pretreated with the CaMKK inhibitor STO-609 (10 g/ml) for 30 min or vehicle (DMSO) alone before treatment with normal-or low-salt conditions for 15 min with readdition of inhibitor or vehicle. Densitometric analysis of data from 3 separate experiments (B and C) revealed AMPK activation by isosmolar low salt was not affected by STO-609, demonstrating that activation of AMPK by low salt in MMDD1 cells is not via the CaMKK pathway. *P Ͻ 0.05 compared with cells incubated in normal-salt media. low extracellular salt concentrations at the macula densa and to determine the pathways activated. In these studies, it has been established that AMPK is strongly activated in MMDD1 cells by isosmolar low-salt conditions, and this leads to phosphorylation of the regulator of fatty acid metabolism ACC and the sodium cotransporter NKCC2.
In a previous study, we reported that osmolality rather than low salt concentration was the stimulus to AMPK activation in MMDD1 cells (6) . The present work directly contradicts this finding. Although the experimental conditions differed in the two studies, we have directly compared results obtained using both methods and now found that low salt concentrations with normal osmolality activate AMPK under both sets of culture conditions. It is not evident why the behavior of the cells has apparently altered. Laboratory conditions such as FCS and passage number have changed, but their role is speculative. Interestingly, the cells retain one of the most important elements of the macula densa, as they express only NKCC2 and not NKCC1 (data not shown).
In this study, low salt concentrations were associated with AMPK activation and phosphorylation of its downstream target, ACC. Phosphorylation of ACC on the specific AMPK site, Ser 79 , is inhibitory and leads to reduced production of malonyl-CoA. Malonyl-CoA inhibits carnitine palitoyl transferase CPT1 to reduce entry of long-chain fatty acids into mitochondria (16, 32) . Therefore, phosphorylation of ACC by AMPK would lead to reduced malonyl-CoA production, reduced inhibition of CPT1, greater entry of fatty acids into mitochondria, and increased fatty acid oxidation. These data would predict that low salt concentrations would lead to increased fatty acid metabolism. In whole mammalian kidneys, however, low salt intake has been associated with reduced energy requirement for Na-K-ATPase and lower oxygen consumption (17, 25) . It is possible that the change in AMPK activation with low salt intake is restricted to certain regions in the tubule, such as the macula densa. In these areas, activation of AMPK to permit increased energy production by fatty acid metabolism might be a critical determinant of entry of chloride into cells of the macula densa, and so modify the effect of the macula densa on both tubuloglomerular feedback and renin secretion. The effect of AMPK activation and ACC phosphorylation would be to dampen the response of the macula densa to low tubular salt concentrations by permitting greater entry of chloride into cells through greater energy supply to the basolateral Na-K-ATPase.
Activation of AMPK in low-salt conditions was also associated with phosphorylation of NKCC2 on the Ser 126 site, which has been associated with continued cotransporter activity in conditions of low osmolality (7) . This would also be predicted to increase entry of salt into the cells.
The precise intracellular mechanism by which changes in tubular salt concentration are detected remains obscure. The earliest concept was proposed by Osswald (25) , who suggested that high salt levels increased Na-K-ATPase activity, consuming ATP and leading to the generation of adenosine. Implicit was concentration-dependent entry of salt from the apical surface of the cell, mostly via NKCC2 but with a lesser contribution from NHE3 (27, 28) . Many studies have shown that functional NKCC2 is required for control of both tubuloglomerular feedback and renin secretion by the macula densa (33) . Moreover, and possibly related to the requirement for functional NKCC2, chloride rather than sodium appears to stimulate the response. In cultured MMDD1 cells, for example, Yang et al. (44) demonstrated that low chloride stimulated increased COX-2 protein expression and PGE 2 release. This was supported by a study from Cheng et al. (5) in cells cultured from the cortical thick ascending limb of the loop of Henle. In the present study, however, AMPK activation occurring as a result of low salt concentrations was not affected by bumetanide and was stimulated by both low sodium and chloride. It is, therefore, distinct from the previous mechanism, which is dependent on low chloride detected by NKCC2, leading to activation of protein kinases including p38 MAPK and increased COX-2 (5, 44) . These data suggest two pathways for detection of low salt concentrations by cells of the macula densa. The pathways are likely to interact, as phosphorylation of NKCC2 on Ser 126 is predicted to increase cotransporter activity (7) and so reduce the response to low tubular salt concentrations. Reduced activation of AMPK, as has been proposed to occur in diabetes (14) , might lead to an exaggerated response and increased renin secretion.
The role of AMPK in tubuloglomerular feedback and renin secretion in normal physiology is unclear. It might be important during ischemia, where AMPK activation in the macula densa could counteract the tubuloglomerular feedback response, limit renin release and angiotensin II formation, and so reduce vascular tone. Why a lack of energy at the macula densa should have such effects, however, is difficult to understand. Moreover, during periods of salt restriction, why should the tubuloglomerular feedback signal apparently be reduced by an energy-sensing kinase? There is, however, a change in the sensitivity of the tubuloglomerular feedback response during resetting, when exposure of the macula densa to altered salt concentration or tubular flow rate for a period of ϳ30 -60 min leads to a change in glomerular blood flow, and it is possible that AMPK is involved in this process.
AMPK activation is associated with increased activity of an upstream AMPKK. As outlined earlier, activation of AMPK requires phosphorylation of the Thr 172 on the ␣-subunit by one of three, and possibly more, upstream kinases (1, 12) . These are 1) LKB1 (10, 36, 42) , a tumor suppressor kinase mutated in Peutz-Jeghers syndrome; 2) CaMKK (11, 13, 41), a calciumand calmodulin-dependent kinase; and 3) a downstream kinase for the transforming growth factor (TGF)-␤ receptor TAK-1 (23, 43) . Use of the CaMKK inhibitor STO-609 suggested that it was not the upstream kinase for AMPK activation in MMDD1 cells. It is likely, therefore, that LKB-1, TAK-1, or an unknown upstream kinase is responsible.
Suppression of AMPK activity by expression of a kinase dead mutant lead to reduction of NKCC2 Ser 126 phosphorylation in low-salt but not normal-salt conditions. Ser 126 phosphorylation was is in fact increased in basal conditions when AMPK activity was suppressed. It is possible that the functionally significant Ser 126 site can be phosphorylated by other kinases in the absence of AMPK activity. Certainly, NKCC2 is now known to be regulated by WNK3 and possibly other kinases known to be involved in NKCC1 regulation such as WNK1 and -4 and the STE20p-related kinases SPAK and OSR1 (7, 15, 24) . Possibly, the kinase that phosphorylates NKCC2 when AMPK is suppressed by the kinase dead mutant in normal-salt conditions is generally inhibited by AMPK. Removal of the low level of background activity of AMPK then permits this unknown kinase to phosphorylate NKCC2.
Overall, the current data suggest that AMPK activation at the macula densa by isosmolar low-salt conditions leads to NKCC2 phosphorylation that may modulate its function of regulating salt reabsorption. In addition, inhibition of ACC would lead to increased fatty acid oxidation, so providing the energy required by the cell for salt reabsorption. Phosphorylation of both substrates would be predicted to increase salt entry into the cells and so reduce the signal at the macula densa during periods of salt restriction. These data provide a new mechanism by which energy availability and several upstream kinases might dampen the response to low salt intake at the macula densa. phosphorylation is increased by low salt in GFP construct-infected cells but suppressed in KD construct-infected cells (C). With respect to NKCC2 NH2-terminal Ser 126 phosphorylation, it is suppressed in low salt-treated KD adenovirus-infected cells but increased in normal-salt conditions (C). The experiment was performed on 2 occasions with similar results. Null NS, adenovirus-expressing GFP in normal-salt media; Null LS, adenovirus-expressing GFP in low-salt media; KD NS, adenovirus-expressing KD AMPK in normal-salt media; KD LS, adenovirus-expressing KD AMPK in low-salt media.
